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ADBSTRACT

This paper presents an overview of the challenges encountered
in the prediction and ground test verification of structural
dynam cs for on-orbit control of |arge precision space structures.
The inclusion of robustness in the structural design through the
i ntroduction of Adaptive Structures hel ps nmeet some of the

chal l enges.  Successes in l|aboratory and flight tests provide a
?ulde regardi ng the achi evabl e degree of robustness.  The page
imtation restricts the paper to a general discussion wthout

figures and nany references.

INTROD1JCTION

~ Wthin the past few years, the National Aeronautics and Space
Adm nistration (NASA) sponsored a Control Structures Interaction
(csI)technoIo?y program wi th enphasis on denonstration of CSI on
three different” types of realistic testbeds (Aswani et al., 1991) .
One of the significant conclusions from the activity is the
performance and stability of the controlled structures are highly
dependent upon the know edge of its structural characteristics,
especially for precision structures with very |ow danping (=.05%).
Based upon over 30 years of observing analytical predictions,
ground tests, analysis/test correlations and limted fl|?ht dat a,
the fidelity of the structural dynamc characteristics will not be
adequate to nmeet many of the requirenents for future missions. The
control of large (> 20-50 m) and precision (< few mcrons)
structures are not feasible (Wada and Garba, 1991) . These
limtations nust be overcome. _ _

One attractive approach is to introduce robustness into the
design of structures that promses to reduce the overall cost in
materials, engi neering, manuf act uri ng, assenbl y, processi ng,
testing, and facilities while neeting the performance and stability
requi renents of large precision structures. Taguchi and clausing,
1990, states that, “Quality is a virtue of design. The
“robustness” of products is nore a function of good design than of
on-line control however stringent the manufacturing process. . .aAn
i nherent | ack of robustness in a product design is the primary
driver of superfluous manufacturing expenses.’! ~ Ryan, 1993, also
advocates introducing robustness into the design as a neans of
reducing cost , while producing reliability and neeting design
requirements.



I ntroduci ng Adaptive Structures (Wada et al., 1990) into the
structural design increases the robustness of its structural
dynamcs to reliably nmeet the design requirenents. Al'so it
i ncreases the robustness of the design by providing solutions to
unexpected dynamics responses or disturbances. One definition of
Adaptive Structures are systens whose geonetric and structural
characteristics can be beneficially nodified to neet m ssion
requirenments either through renote commands or automatically in
response to internal or external stinulations. The design requires
the direct integration of the actuators and sensors into |oad
carrying structures.

BACKGROUND

Experience to Date

For many years, research on robust controller designs prom sed
to account tor many of the structural dynam cs uncertainties.
However, recently, for large precision structures with |ow danping
and high nodal density, the required fidelity in know edge of the
structural dynam c characteristics of the structure has been shown
to be beyond reasonabl e expectations. The observation was deduced
from experinentation perfornmed by Fanson et al., 1990 and by many
ot her researchers on other NASA testbeds.

For nost weight constrained space systens devel oped to date,
the structural dynam c nathenmatical nodels were verified by ground
nodal tests. These tests were invaluable based upon |arge
di screpanci es between the mathematical nodels and the test data for
many systens. The "dream" of a few to elimnate the requirenent
for testing based upon the large finite elenent conputer solution
capability has not naterialized. Many of the recent correlation
results are no better than in the past, Partially due to the
complexity of recent structures. Mathematical nodels often predict
non-exi stent dynam cs, overlooks existing dynam cs, and often do
not attenpt to predict non-linearities that appear in about 10% of
the test nodes. The art and science of mathematically nodeling
space structures evolved through its conparison with large notion
structural dynamcs test results. Namely, use of dynam c nodels
for |oads determnation. Al nmpst no experience exists on conparing
m cro-notion mat hemati cal predictions of dynam cs characteristics
of non-nonolithic structures with test data, since test data are
non- exi st ent.

The erroneous belief by many are that test data accurately
represents the hardware. This conclusion cannot be refuted if only
one set of data is neasured. N ne different nodal test approaches
on a very linear Galileo spacecraft by chen, 1984, resulted in 9
different sets of nodal test data. The difference in results were
attributable to the type of force excitation, the nagnitude and
direction of excitation, and the nodal data extraction algorithm
Recent nodal tests of other spacecraft seemto collaborate the
observations nmade on Galil eo. On one mcro-wave antenna, tests
were perforned at the | owest feasible acceleration level with the
nmodal test equipnent. The |owest attainable |level was .001g due to
instrumentation limtations, whereas the desired |evel was .00001g.
At lower anplitude levels, the environmental vibration |evels have




masks the experinental data. The data indicated strong non-
linearities as a function of response |evels. Recent data on a
5.om X 13m x 4m radar antenna indicated |arge nonlinearities
attributable to small gaps in joints.

Certain classes of space structures, such as |arge space
antenna nmade of a stretch nmesh over multiple radial ribs, exhibit

unpredi ctable dynanmics.  The unpredictability is not related to
mechani cal non-linearities but a phenonmenon referred to as node
| ocal i zati on. When structural elements with near equal nodal

characteristics (eg. the nodes of each rib) are weakly coupled to
each other, a small change in the structural properties of any rib
results in dramatic changes in the system nodal characteristics.
Smal | changes can be a result of small differences in the dynam cs
of each rib, different nmasses associated with sensors/actuators and
changes associated with the control forces. These dramatic changes
were experinentally verified by Levi ne, 1992.

Oten the analytical nodel is used to predict the dynam cs of
various operational states because the ground nodal tests do not
represent all aspects of the operational configurations. A
mat hemati cal nodel representing the ground test configuration is

updated to correlate with the ground test data. he updat ed
mat hematical nodel is then nodified to represent the various
operational conditions. Wth current approaches for updating

mat hemati cal nodels, the mathenatical nodels are inproved but not
to the fidelity necessary for controlling Jlarge precision
structures.

Future Structural Requirenents

Future structures require nore accurate know edge of the
structural dynam c characteristics because they, are larger and
more conpl ex,” have higher nodal densities, require information in
the mcro-g vibration range, and are significantly affected by the
one-g earths gravitational field. The validity of conputer
prograns and nodel i ng approaches to predict structural dynamc
characteristics are based upon conparison of test data acquired for
large motion dynamics. A npst no mcro-dynamc test data exist for
a non-nonolithic structure. Limted experience indicates that the
| onest reliable accelerations from current nodal test systenms and
{acnlities are several orders of magnitude |arger than the desired

evel s.

The one-g field preloads all the structural joints (several
orders of magnitude %reater than in-space) and thus during ground
tests the structural responses are linear but in-space the
structural response may exhibit non-linearities attributed to joint

gaps. Experinmental studies indicate that structures with Joint
gaps respond “chaotically.” Nanely the response is random and
ounded when excited by a determnistic excitation source.

Unexpected |ow |evel responses, probably attributable to joint
%an, have been observed on nmany recent spacecraft such as Hubble
el escope and Upper Atnospheric Research Satellite,. The current
plan is to replace the Hubble Tel escope solar arrays to alleviate
the low level, but significant vibrations. Many spacecraft have
experience "micro-phonics" |ow | evel vibrations adverse%y affecting
the optical subsystem which were not predicted nor detected by



ground tests.

Very limted data exist to verify differences between ground
test data and flight data on well instrunented structures to help
establish differences. A |l arge depl oyabl e 3100em X 400cem Sol ar
Array Fl i ght Dynam c Experi nent ( SADFE) reveal ed | arge
di screpancies in nodal danmping and is reported by Shock, 1986.
Wth the solar array in the sun, the array unexpectedlg war ped due

e

to thermal gradients resulting in large errors tween the
predictions and flight nodal frequencies. Recently, crawley et
al., 1993, reports on the conparison of ground test and flight test
of the Mddeck Ogravity Dynam cs Experinent (MODE) . The beam

configured truss structure consists of nine to eleven bays; the
di mensi ons of each bay is 203mm X 203mm X 203mm  The structure is
representative of one of the proposed Space Station configurations
and includes an alpha joint in one test configuration. The flight
data indicate large non-linearities as a function of anplitude and
its correlation wth ground test data indicates substantial
di fferences.

Technol ogy Deficiencies in Structural Dynamcs

The current state-of-the-art nodal ground test techniques are
not capabl e of experimentally determ ni ng the dynamc
characteristics of on-orbit large precision structures to the
fidelity requirenents. The author believes that if |arge precision
structures tor future mssions cannot be ground tested, it wll
never be adopted for flight because the mathematical nodels are
unreliabl e. Thus one of the major challenges to the structura
dynam cs research community is to overcone this dilemm. One
approach is to introduce robustness in the design through the
i ncorporation of Adaptive Structures concepts.

ROBUST DESIGN

The current approach to neet stringent structural dynamc
requi rements for large precision structures is the inposition of
nmore precision and controls. Larger and nore precise mathematica
nodel s; use of exotic materials; precision nmanufacturing and
assenbl y; | mposi tion of stringent envi ronnent al controls;
sophi sticated nodal test equipnment and al gorithns; expensive
facilities with o-g suspension systens and insensitive to thernal
and air envi ronnent ; precise analytical/test correl ation
algorithms; conplex flight controllers and electronics;, and
extensive ground handling/storage controls are exanples of
addi tional 1 npositions. These activities result in cost and
schedul e increases w thout necessary adding confidence in meeting
the requirenents. The inclusion of robustness into the structural
design is required.

The inclusion of Adaptive Structures into the design adds
robustness to help assure the structural dynam c characteristics

requirements. The capability to adjust the structural dynamc
characteristics during on-orbit operation can substantially relax
all the requirenents in the above paragraph. The degree of

i ncreased robustness is dependent on the adjustnent range of the
actuators and sensors of the Adaptive Structures. If the



structural dynam c characteristics can be nodified by 10-20 % then
know edge of the dynami c characteristics of the passive systemis
only required to about 10-20% The capability to inprove linearity
of the flight structure, increase structural danpiq?, shift
resonances frequencies, nodify local stiffness, and provide dynamc
isolation, during different phases of the spacecraft m ssion
significantly reduces the conplexities of the global control system
while inproving performance reliability. A robust design is also
capabl e of counteracting unexpected dynam cs and disturbances.

ADAPTIVE STRUCTURES

Wada and Garba, 1992 present an overview of the Adaptive
Structures activities at the Jet Propul sion Laboratory that is
primarily applicable to |arge precision space structures. The
devel opnents specifically relating to structural dynamcs of |arge
precision structure are summarized.

Structural danping is very inportant for the control of
structures but cannot be analytically predicted nor are the ground
test results reliable. For precision structures, often a |ower
bound for danping (less than 1%critical danping) is used for the
design of the global controller. This assunption, significantly
i ncreases the conplexity of the global controller design. Chen et
al., 1990, adds robustness to the design by increasing and changi ng
t he danping of structural nodes using active nenbers. A robust
approach to add danping to structures is to replace select
structural menbers with active nenbers (wth actuators, sensors and
controllers) at locations of nmaxinum strain energy in the nodes of
i nterest. A co-located controller uses relative displacenment
and/or force of the active nmenber as the feedback signal. The
system is robust because when mnultiple active nenbers are placed
wthin the area of maxinum strain energy, the active danping
I ncreases with the nunber of activated active nenbers. Simlarly,
if an active nenber is turned off or fails, the level of active
danmpi ng nonotoni cal | y decreases. Val ues of passive structura
danmping levels of . 05% were easily increased to 7% using active
danpi ng. A KC-135 flight experinment of a 12 nmeter truss
denonstrated the capability to add danping to an ill-defined
structure in Ogravity using active nenbers. For precision
control, piezo-electric, electrostrictive, and magnetostrictive
actuators have the required frequency bandwi dth and resol ution
Wada, 1993, summarizes the actuators used for precision control of
space structures for Adaptive Structures.

Adgustnents to the stiffness of active nenbers |ocated at
areas of maxinum strain energy of a node, can be utilized to change
the frequency of that node. Experinmentally, reduction in the
active nenber stiffness of up to two orders of magnitude and an
increase in the active nenber stiffness by up to a factor of two
have been denonstrated.

The adjustnent of structures in space requires know edge of
the structural dynam c characteristics of the structure from which
changes are made. This process is referred to as on-orbit system
identification. Mst ground tests for systemidentification rely
upon nodal test approaches that excite the structure at nmaxi num




di spl acenent | ocations using exciters suspended fromthe ceiling or
mounted to the ground. The state-of-the-art nodal test aqggoaches

are not directly applicable to structures in space. en and
Fanson, 1989, used active nenbers as exciters to identify the nodal
characteristics of the system The nodal data using active nembers
seem to better represent the hardware because the direction and
distribution of the forces during the test are nore representative
of the hardware in operation.

Kuo et al., 1990, hel ped establish the contribution and
effectiveness of active nenbers in a free-free structure using
sel ect active nmenber as an excitor while adding active danping with
ot her active nmenbers. The test denonstrates the feasibility of
testing the structure in space using subsets of active nenbers as
exciters and other subsets to add danpi ng and/ or change nodal
frequenci es.

The adaptability of the structural dynam cs of the structure
assunes the structure itself is sonewhat |linear and its dynam cs
are represented by linear nodal characteristics. For Erecision
structures, small gaps in joints that are disguised on the ground
bK preload in joints due to one-g can result in a structural system
that responds chaotically in space. Nanely the structures responds
random y when subjected to a determ nistic input. Wth proper
design, the non-linearity resulting fromloose joints can be
elimnated by preloading the joints using active nmenbers within an
i ndeterm nate structure, Wada and utku, 1992.

The characteristics of the structure can be changed to neet
the requirenments, to allow nore effective performance of a gl oba
controller, to make nodifications to avoid "modal localization" and
to account for unexpected dynam c phenonena. Structures do not
have to be designed, analyzed, fabricated, and ground tested to
stringent precision requirenents because they can be adjusted in-
space.

~ Research in Adaptive Structures has exponentially expanded and
additional information is available in the conference proceedings
edited by Wada, et al. , 1990, by Matsuzaki and Wada, 1991, and by
Wada, et al., 1992.

CONCLUSION

~ Robustness is nore a function of good design than of stringent
design, engineering, fabrication and testing for structura
dynam cs that increases cost, schedule, and conplexity in future
m ssi ons. Al so robustness is added to the design if on-orbit
solutions to un-anticipated dynam c forcing functions or responses
are available. The increase in robustness of a system through the
i ntroduction of Adaptive Structures has been experinmentally
demonstrated in the laboratory and in space.  Stringent design
requi rements, engineering requirenents, fabrication and testing are
substantially relaxed and solution to unexpected events are
avail abl e since the structure itself is adapted to neet the
requi renents durlng its operational life. Research and technol ogy
devel opnents in Adaptive Structures prom se to help neet the
structur al dynamic challenges for future large precision



structures.

The application of Adaptive Structures appear only to be
limted by the |ack of creativity in design. Many new applications
and related research issues are continually developing in all
fields of engineering.
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